Synaptic plasticity plays an important role in the process of addiction. This study investigated the relationship between synaptic plasticity and changes in addictive behavior and examined the expression of synaptic plasticity-associated proteins and genes in the nucleus accumbens (NAc) region in different rat models.
Background
Drug addiction threatens human health and social development globally, and the abuse of addictive substances has become an important medical and societal problem worldwide [1, 2] .
Addiction is defined as uncontrollable drug seeking and compulsive drug use. If drug availability is restricted and drug use is consequently stopped, withdrawal symptoms occur [3] . Due to its strong water-solubility and fat-solubility, heroin can easily pass through the blood-brain barrier to enter the central nervous system and induce a strong response; thus, it is more addictive than other drugs. Because the addictive mechanism of heroin is not yet clear, effective prevention and treatment approaches for heroin addiction are still lacking. Addiction is a pathological learning and memory formation process [4] . As the neurobiological basis for learning and memory [5] , synaptic plasticity plays an important role in the occurrence and progression of addictive behaviors. Studies have confirmed that drug addiction is associated with the reward system in the brain [6] . The nucleus accumbens (NAc) is a central component of the brain's reward system and is involved in cognitive activities as well as learning and memory-related behaviors. Silent mating type information regulation 2-homolog 1 (SIRT1) is an important member of the third class of the histone deacetylase family known as sirtuins (silent information regulator 2 proteins), which regulate gene transcription through substrates, and are thus involved in the regulation of physical and pathological processes [7] . However, the role of SIRT1 in addiction has received little attention.
In the present study, adeno-associated viruses (AAV) were transfected into the NAc to establish rat models of heroin addiction, SIRT1 overexpression, and SIRT1 silencing. The expression of synaptic plasticity-related genes was detected by a polymerase chain reaction (PCR) array, and the localization and expression of synaptic plasticity-related proteins in the NAc of rats in each group was detected by immunohistochemistry and immunoblotting. The expression of synaptic plasticityrelated proteins was detected by immunohistochemistry and immunoprecipitation. The ultrastructure of synapses was observed by transmission electron microscopy. This study aimed to elucidate the possible role of SIRT1 in the mechanisms of heroin addiction and the effect of SIRT1 expression on synaptic plasticity in the NAc. Overall, our study should aid in identifying new targets for detoxification and drug abuse treatment.
Material and Methods

Experimental animals
Sixty wild-type adult, male, specific-pathogen-free SpragueDawley rats weighing 180-220 g were provided by Guizhou Medical University Experimental Animal Center, China (License number: SYXK (Guizhou) 2012-0001). Animal husbandry and experimental procedures were performed in accordance with the experimental animal use and management guidelines of Guizhou Medical University Experimental Animal Committee. During the experiment, all animals were allowed free access to water and food, and the ambient temperature was 18-24°C.
Reagents
The reagents and analysis systems used were as follows: heroin (purity 92.09%, provided by the Guizhou Public Security Bureau), pentobarbital sodium (Sigma, USA), naloxone hydrochloride (Chongqing YaoPharma, China), mouse monoclonal anti-SIRT1 (Abcam, USA), rabbit polyclonal anti-Cdk5, rabbit polyclonal anti-NF-kB (Bioss, China), rabbit monoclonal anti-FOXO1 (Abcam, USA), rabbit polyclonal anti-Cbp (Bioss, China), rabbit monoclonal anti-PSD95 (Abcam, USA), rabbit monoclonal anti-Syn (Abcam, USA), mouse monoclonal antibeta-actin (Abcam, USA), SuperScript III RT reverse transcription kit (Invitrogen, USA) Sybr qPCR mix (Invitrogen, USA), Plasmid Mini kit (TransGen Biotech, Beijing, China), gel extraction kit (Omega), Trans2K Plus II DNA Marker (TransGen, Beijing, China), DNA primers (Invitrogen, USA), DNA sequencing (Invitrogen, USA), restriction endonuclease EcoRI (NEB, USA), T4 DNA Ligase (NEB, USA), Plasmid Maxi Kit (Qiagen, Germany), CPT High-efficiency Transfection Kit (Virotherapy Technologies, Wuhan, China).
Packaging of rAAV9-rSirt1 and rAAV9-rSirt1 shRNA A recombinant plasmid containing the target gene (pAAV-rSirt1-IRES-ZsGreen) and a plasmid with the strongest gene-silencing effect (pAAV-ZsGreen-shRNA-rSirt) were constructed and transfected into 293AAV cells. The constructs produced a hightiter AAV virus containing the target gene (i.e., rAAV9-rSirt1) and a virus containing the target gene-silencing sequence (i.e., rAAV9-rSirt1 shRNA).
Intracranial micro-injection of AAV into the rat NAc
The rats in the SIRT1-overexpression group and SIRT1-silenced group were weighed, anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg), and secured on a rat brain stereotaxic instrument. The coordinates of the NAc were determined per The Rat Brain in Stereotaxic Coordinates [8] . Bregma was set as 0, and the coordinates of the NAc were set as 1.0 mm anterior to bregma, 1.5 mm lateral from the midline, and 7 mm below the dura mater. Using a microinjector, 1 μl AAV was injected into the NAc of both hemispheres. After surgery, the rats received antibiotics and were allowed to recover for 2 weeks.
Generation of rat model of heroin addiction and drug withdrawal
Rats in the heroin addiction (HA) group received an intraperitoneal injection of heroin solution twice/day (8 am and 3 pm) for 9 days, with a daily increase in the dose administered. The dose on the first day was 3 mg/kg, and the increase each day was 3 mg/kg. On the 9 th day, the dose of heroin administered was 27 mg/kg. In the saline controls (SC), the rats were injected with a matching amount of normal saline for 9 days. On the 10 th day, rats in both the SC group and the HA group were injected intraperitoneally with a solution of naloxone at a dose of 5 mg/kg to induce acute onset of withdrawal symptoms (in the HA group rats). Withdrawal symptoms were observed within 30 min. The criteria of Maldonado [9] and others were used to score withdrawal symptoms.
PCR array procedure
Rats in the HA group and SC groups were killed after anesthesia, and the NAc was quickly dissected out on ice and frozen in liquid nitrogen before being stored at -80°C. The samples were analyzed by PCR array. The main steps were as follows: RNA was extracted using an RNeasy kit (Qiagen) and tested for purity. After gel electrophoresis, cDNA was synthesized using an RT2 First Strand Kit, and real-time PCR was conducted with the RT2 SYBR Green Mastermix kit (Qiagen) to detect changes in the expression of 84 synaptic plasticity-associated genes. Results were determined using the DDCt method [10] . The DDCt of each gene in the SC group, HA group, and SIRT1-overexpression group was calculated as follows: DDCt=DCt (HA group)-DCt (SC group), DDCt=DCt (SIRT1-overexpression group)-DCt (SC group). The difference in expression in genes between the HA group and the SC group was measured by 2-DDCt. A difference in the 2-DDCt value ³2 or £0.5 was considered to be significantly different for the comparison between the SC and HA groups [10] .
Conditioned place preference (CPP) model
This experiment consisted of 3 phases: pre-test period, training period, and test period. The rats were trained in groups, requiring a total of 13 days of continuous training. The difference between the time for which a rat stayed in the white chamber during the test period and during the pre-test period was used as the CPP score.
Western blot analysis
Rats were killed and the location of the NAc was determined per The Rat Brain in Stereotaxic Coordinates [8] . The NAc tissue was quickly dissected out on ice. Different percentages of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels were prepared according to the sizes of the target proteins. The samples were denatured, loaded onto the gels, electrophoresed, and transferred to cellulose acetate ultrafiltration membrane membranes. The membranes were blocked in 5% skim milk for 2 h. The membranes were then incubated with primary antibodies (SIRT1 (1: 3000); Cdk5 (1: 5000); NF-kB (1: 500); Syn (1: 50000); FOXO1 (1: 5000); PSD95 (1: 4000)) at 4°C overnight. The secondary antibodies used were horseradish peroxidase (HRP) goat anti-mouse IgG (1: 5000) or HRP goat anti-rabbit IgG (1: 5000). Finally, the membranes were placed in a gel imager, the chemiluminescence method was used for detection, and images were captured.
Immunohistochemistry
After anesthesia, the rats were quickly perfused with normal saline and then 4% paraformaldehyde for fixation. Brain tissue was collected and then routinely dehydrated, cleared, paraffin-embedded, and sectioned at 4 μm. Slides were stained by the streptavidin-peroxidase (SP) method, and cells positive for SIRT1, Cbp, Cdk5, FOXO1, NF-kB, and Syn were identified. The dilutions of the primary antibodies were as follows: SIRT1 (1: 500), Cbp (1: 200), Cdk5 (1: 400), NF-kB (1: 200), Syn (1: 600), and FOXO1 (1: 300). In the negative control sample, the primary antibody was replaced by phosphate-buffered saline (PBS). After staining, the average optical density values for the positive cells were measured with Image Pro Plus software.
Transmission electron microscopic observations
A 1-mm 3 piece of NAc tissue was collected and fixed in prechilled 3% glutaraldehyde fixative. After the samples were prepared for transmission electron microscopy (TEM), ultrathin 60-nm sections were cut and double-stained with 1% uranyl acetate and lead citrate for observation.
Statistical analysis
Data are presented as mean ± standard error. Statistical analyses were conducted using Statistical Package for the Social Science (SPSS) software. A one-way analysis of variance (ANOVA) was used for comparisons between groups and differences with P<0.05 were considered to be statistically significant.
Results
pAAV-rSirt1-IRES-ZsGreen transduction results
As the gene-carrying virus contained ZsGreen green fluorescence, in the pre-test period, NAc tissue was collected at 1 and 2 weeks after transduction and subjected to immunofluorescence staining to determine the efficiency of transduction. The results showed that the amount of AAV in the cells at 2 weeks post-transduction was significantly greater than the amount during the first week ( Figure 1 ). Figure 2 , the Western blot analysis showed that the expression of SIRT1 protein in the NAc after AAV transduction was significantly higher than that in the SC group (P<0.05), and the expression at 2 weeks after transduction was higher than that at 1 week after transduction (P<0.05). Therefore, the HA model was determined to be established from the second week after surgery.
As shown in
PCR array results
The expression levels of 23 synaptic plasticity-associated genes were altered in the NAc of the rat model of the HA group (Table 1 ). The expression levels of 24 synaptic plasticity-associated genes were altered in the NAc of rats overexpressing SIRT1 ( Table 2) .
Observation of withdrawal symptoms
Per the protocol for the generation of a rat model of heroin addiction, rats received heroin in increasing quantities daily for 9 days, and on the 10 th day naloxone was administered intraperitoneally to induce withdrawal. The rats in the HA group, SIRT1-overexpression group (AAV-rSirt1 group), and SIRT1-silenced group (AAV-rSirt1 shRNA group) all exhibited obvious withdrawal symptoms, including jumping, rearing, wet-dog shaking, stretching, and teeth chattering. These symptoms were not observed in the SC group. Loose and unformed stools and blepharoptosis were also obvious (Table 3) .
CPP results
CPP results of rats in each group after training (Figure 3 ). Figure 3 shows that the lengths of stay in the drug-associated chamber for rats in the HA group, SIRT1-overexpression group (rSirt1), and SIRT1-silenced group (rSirt1 shRNA) after training were significantly greater than before training (P<0.05). The length of stay in the drug-associated chamber for rats in the rSirt1 shRNA group was shorter than that of rats in the HA and rSirt1 groups (P<0.05). 
Immunohistochemistry results and image analysis
The average optical density of cells positive for SIRT1, Cdk5, NF-kB, Cbp, and Syn in the NAc region following immunostaining was determined by image analysis (Figure 4 ). The results showed that the average optical densities for the HA and AAV-rSirt1 groups were significantly higher than those for the SC group (P<0.05); however, there was no significant difference between the HA and AAV-rSirt1 groups (P>0.05). The average optical density values for the AAV-rSirt1 shRNA group were not significantly different from those of the SC group, but they were significantly lower than those of the HA group (P<0.05). The average optical density of FOXO1-positive cells was significantly decreased in the HA and AAV-rSirt1 groups compared with that in the SC group (P<0.05), while the average optical densities of positive cells in the AAV-rSirt1 shRNA group were increased, but they were not significantly different from those of the SC group (P>0.05).
Western blot analysis
Analysis of the optical densities of bands showed that, compared with rats in the SC group, the levels of SIRT1 protein in the HA and AAV-rSirt1 groups were significantly increased; in the AAV-rSirt1 shRNA group, however, the level was decreased (P<0.05). The differences between the AAV-rSirt1, AAV-rSirt1 shR-NA, and HA groups were also statistically significant (P<0.05). Upon administration of heroin, the levels of FOXO1 protein in each group decreased compared with the SC group. The protein levels of Cdk5, NF-kB, Syn, and PSD95 increased in the HA and AAV-rSirt1 groups, while the levels in the AAV-rSirt1 shR-NA group were lower than in the HA group (P<0.05) ( Figure 5 ). 
Transmission electron microscope (TEM) results
Using a TEM (×80 000), the mitochondria in neurons in the NAc region of HA rats were found to be swollen and to have broken ridges, and the endoplasmic reticulum was slightly expanded. The number of synapses was increased compared with the SC group. The number of synapses in the SIRT1-overexpression group was increased further, and the synaptic cleft was not clearly defined. The number of synapses was also decreased in the group in which SIRT1 was silenced, and the mitochondria were swollen and had damaged membranes ( Figure 6 ).
Electron microscopic (×160 000) observation of the NAc region in the SC group showed that the neurons had clear cell membranes and that there were numerous mitochondria with clear ridges in the presynaptic enlargement. In addition, many synaptic vesicles containing electro-dense particles were observed. There were electron-dense materials attached to the postsynaptic membrane. In the HA group, the synaptic clefts were unclear and the mitochondria were slightly swollen, with ruptured ridges. In the AAV-rSirt1 group, the mitochondria in the presynaptic membrane were significantly swollen, while in the AAV-rSirt1 shRNA group the structure of the synaptic cleft was well-defined but the mitochondrial membranes in the presynaptic terminal were damaged and had ruptured ridges ( Figure 7 ). Synaptic structure indices were calculated, and the results show that for the HA, SIRT1-overexpression, and SIRT1-silenced groups, the synaptic clefts were wider than those for the SC group, and the postsynaptic densities were thicker, especially in the SIRT1-overexpression group (Table 4) . 
Discussion
Long-term use of addictive drugs can cause damage to multiple systems in the body, among which adaptive changes in the nervous system are the most profound, ultimately leading to physical and psychological dependence. Once the drug is withdrawn, addicts exhibit a series of acute physiological and psychological discomfort symptoms, i.e., "withdrawal syndrome" [11] . To escape withdrawal symptoms, addicts often show compulsive drug-seeking behavior and relapse [12] . Drug addiction is a chronic, recurrent brain disease caused by interaction between the drugs of abuse and the brain reward 
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system, which mainly presents as compulsive drug use and a persistent desire to use drugs. It is also an extreme memoryformation process [4] . This reward-related memory is very intense and often leads to relapse. Synaptic plasticity is one of the molecular mechanisms involved in learning and memory [5] .
Currently, the NAc is hypothesized to be the main nucleus involved in the generation of natural reward and drug reward effects [13] . It also plays an important role in the behavioral changes associated with addiction and is the target of many addictive drugs [14] . Naloxone is an opioid receptor antagonist that competes with various opioid receptors and blocks the function of opioids. Thus, naloxone is commonly used for the withdrawal and detoxification of opioids [15, 16] . The CPP experiment is the most convenient and widely-used experimental method to evaluate the psychological dependence potential of drugs in drug addiction research [17] .
SIRT1 is the most characteristic subtype of the sirtuin family -the type with the highest homology with the yeast Sir2 protein [18] . Studies have shown that SIRT1 expression in brain tissue is significantly higher than in other organs. It is also the most widely-studied protein in the human sirtuin family [19] .
In addition to its direct effect on histones, SIRT1 interacts with a variety of non-histone proteins and performs a variety of 3799 functions. The non-histone proteins it regulates include p53, Ku70, FOXOs, NF-kB, Smad7, AR, E2F1, Tat, PGC-1a, NcoR, and p300. Some of these proteins are also closely related to synaptic plasticity.
In the present study, AAVs containing the target gene SIRT1 or the silencing shRNA of SIRT1 were transfected into the NAc region by micro-injection. A rat model of HA was then generated, and rat models of SIRT1 overexpression and SIRT1-silencing were also successfully established. Heroin was shown to induce a significant CPP, and the withdrawal reaction was also prominent. The rats in the SIRT1-overexpression group stayed for a significantly longer time in the drug-associated side of the chamber, and showed stronger CPP, indicating that heroin-treated rats were stimulated by environmental cues to exhibit behaviors of drug-desire and showed conditional preferences for the drug-associated chamber. Thus, the CPP model was successfully established and showed that rats form a psychological dependence on heroin. In addition, the incidence of withdrawal symptoms was significantly increased after naloxone injection. In rats in the SIRT1-silenced group, CPP was induced, but their stay in the drug-associated chamber was significantly shorter than that of the rats in the overexpression group. Drug-related learning and memory is involved in drug addiction and relapse [20] , suggesting that the memories associated with heroin can be affected and altered by the expression of SIRT1.
In general, it is believed that changes in gene expression induced by addictive drugs in critical brain regions, such as the NAc and striatum, play important roles in long-term addictive behaviors and neural plasticity [21, 22] . Therefore, regulation of the expression of addiction-related genes in key brain regions is critical. To identify possible target genes, we used PCR array technology to examine 84 synaptic plasticity-related genes in the NAc region in rats with heroin addiction and SIRT1-overexpression. The results show that the expression of 23 genes was altered in the HA group, of which 13 were immediate-early response genes (IEGs). The levels of 24 genes were altered in the SIRT1-overexpressing rats. These genes also included IEG family members, and 6 genes involved in synaptic long-term potentiation (LTP) and long-term depression (LTD). The results of this study indicate that HA induces expression changes in IEGs and synaptic plasticity genes associated with LTP and LTD, indicating that SIRT1 participates in the process of learning and memory by regulating synaptic plasticity.
The expression level of SIRT1 in rats with HA was 2.38 times higher than that in rats in the SC group, while the expression levels of SIRT1 in the SIRT1-overexpression group was 6.28 times higher than that in the SC group, further confirming the successful transduction of the AAV. The expression levels of 13 genes were changed in rats in the HA and SIRT1-overexpression groups, among which Arc, EGR1, CORR1, EGR2, EGR3, EGR4, Nr4a2, DFosB, Jun-B, and NF-kB belong to the IEG family, and CAMK2A, GRIA1, GRIA2, and MAPK participate in LTP and LTD. This indicates that SIRT1 is involved in the alteration of expression levels of synaptic plasticity-associated genes caused by HA.
We found that the CPP behaviors of rats overexpressing SIRT1 were enhanced, while those of rats in which SIRT1 was silenced were weakened. In the PCR array analysis, in addition to the genes that were examined at the morphological and molecular biological level in our experiment, other genes were found that are also associated with synaptic plasticity-associated genes regulated by SIRT1.
The rewarding effects of addictive substances leave a clear memory trace in the central nervous system, and when the addict encounters a hint of drug-related information, a relapse may be induced. Because synaptic plasticity is the neurobiological basis for learning and memory, during the development of addictive drug-induced behaviors, synaptic plasticity may be induced. Kasanetz [23] argued that the reason drugaddicted rats lose their self-control over the use of drugs during cocaine self-administration training is alterations in synaptic plasticity in many neurons.
Nuclear factor kappa-light-polypeptide-gene-enhancer in B cells (NF-kB) can transfer information from an active synapse to the nucleus [24] , and plays an important role in neuroprotection, learning and memory [25] , and synaptic plasticity [26] . In cocaine addiction, NF-kB mediates the reward effects of the addictive drug and induces an increase in the number of synapses in the NAc [27] . Some researchers have injected the NFkB inhibitor SN50 into the NAc of morphine-addicted rats and found that reduced NF-kB activity impairs the reconsolidation of morphine reward memories [28] .
Cyclin-dependent kinase 5 (Cdk5) can induce dynamic changes in the cytoskeleton, regulate the structure and morphology of dendritic spines, and modulate synaptic plasticity [29] . In rat models of drug addiction, morphine administration increases the number of Cdk5-immunoreactive cells in the NAc [30] . The administration of a Cdk5 inhibitor in the dorsal hippocampus promotes self-administration behavior. These results suggest that Cdk5 is an important compensatory mediator involved in restricting heroin use [31] , and is also a regulatory molecule for synaptic plasticity, as well as learning and memory, evoked by drug addiction.
FOXO1 is a direct and functional regulator of SIRT1. FOXO1 can bind to a site in the SIRT1 promoter and promote its transcription [32] . SIRT1 can also bind with and deacetylate FOXO1, leading to decreased transcriptional activity. Thus, there is a feedback mechanism between SIRT1 and FOXO1 [33] , and this feedback loop may play an important role in the regulation of SIRT1 expression.
Postsynaptic density protein-95 (PSD-95) plays a key role in the signal transduction underlying synaptic plasticity [34, 35] , and is critical for the generation and maintenance of LTP [36] .
Increases in PSD-95 may be the basis of enhancements in synaptic plasticity.
Synaptophysin (Syn) can control release from synaptic vesicles in nerve endings by binding to vesicles, thus participating in the release of neurotransmitters and regulating synaptic transmission efficiency [37] .
Our results showed that the expression levels of Cdk5, NF-kB, PSD95, and Syn in the NAc of the HA group were greater than those in the SC group. Immunostaining was also found to be enhanced, which was consistent with the results of the Western blot analysis. In the SIRT1-overexpression group, the expression levels of Cdk5, NF-kB, PSD95, and Syn were further increased, while the expression levels in the SIRT1-silenced group were significantly lower than that in the overexpression group. Alterations in expression of these protein can be regulated by SIRT1, which will lead to changes in synaptic plasticity. The direction of these changes was in line with the behavioral alterations in the rats, including withdrawal symptoms and CPP. The ultrastructural morphological assessment of this study found thickening of postsynaptic densities, which improves the binding of neurotransmitters with their receptors and enhances their biological functions. The increase in the number of synapses makes the morphological changes in synapses more stable. Expression of these proteins was decreased following SIRT1 silencing, but the morphological study found no significant improvement in changes such as mitochondrial swelling and endoplasmic reticulum expansion.
The time period over which this study was carried out was insufficient. We speculate that heroin can increase the expression levels of synaptic plasticity-related proteins in the short term, which can improve the structure of neurons. However, in the long term, excessive activation can cause neuronal degeneration, leading to decreased behavioral sensitivity and memory loss.
Conclusions
In this study, we induced alterations in synaptic plasticity-related genes by regulating the expression of SIRT1. This led to changes in gene transcription and ultimately to changes in drug-seeking behavior or psychological dependence, such as CPP behavior, which is closely related to the development of drug addiction. Genes that have not been fully investigated here will be studied further in future studies.
